Purpose Prediction of clinical outcomes in patients with primary central nervous system lymphoma (PCNSL) is important for optimization of treatment planning. Quantitative imaging biomarkers for PCNSL have not yet been established. This study evaluated the prognostic value of pretreatment dynamic contrast-enhanced MRI and diffusion-weighted imaging for progression-free survival (PFS) in patients with PCNSL. Methods Pretreatment dynamic contrast-enhanced MRI and diffusion-weighted imaging were retrospectively analyzed in 18 immunocompetent patients with PCNSL. Volumes of interest encompassing the tumors were assessed for measurements of blood plasma volume (Vp), volume transfer constant (K trans ), and apparent diffusion coefficient. Patients were divided into short and long PFS groups based on median PFS. Imaging and clinical variables were correlated with PFS. Results Median PFS was 19.6 months. Lower Vp mean and K Conclusions Pretreatment Vp and K trans derived from dynamic contrast-enhanced MRI may be novel prognostic quantitative imaging biomarkers of progression-free survival in patients with PCNSL. These data should be prospectively validated in larger patient cohorts.
Introduction
Primary central nervous system lymphoma (PCNSL) is a malignant extranodal variant of non-Hodgkin lymphoma that is confined to the central nervous system. Although rare, its incidence is on the rise [1] [2] [3] . Physicians face difficulty in devising optimal treatment plans for patients with PCNSL because to date there is no standard therapeutic approach [4, 5] . Methotrexate-based chemotherapy has become widely accepted as being able to achieve high response rates; unfortunately, however, relapse is known to occur in many immunocompetent patients and prognosis is highly variable [6] . Thus, the development of a predictive model that can serve as a guideline for patient care is a crucial and unmet need.
Knowing which patients are more likely to have a sustained response and who will progress early can optimize the initial treatment strategy. For example, lower risk patients may benefit from methotrexate alone, while those at higher risk for early progression may require additional chemotherapy and/or whole brain radiation therapy [7, 8] . While several clinical factors such as age and performance status have been identified, these have demonstrated variable degrees of reliability as prognostic markers [9, 10] .
Patients with PCNSL typically undergo brain MRI examinations prior to treatment. As such, multiple groups have recently investigated the conventional and advanced MRI features of patients with PCNSL to assess their value as biomarkers for prognosis [10] [11] [12] [13] . However, these data are relatively sparse and sometimes conflicting and therefore reliable and valuable imaging biomarkers have not yet been clearly established. For example, baseline tumor size and lesion location (infra-versus supra-tentorial) have been associated with poor overall survival and progression-free survival (PFS) in one group of patients [13] but were not significant in other PCNSL patient populations [10] .
Advanced imaging techniques such as diffusion-weighted imaging (DWI) and MRI perfusion may offer improved prognostic markers. DWI measures the diffusion rate of unbound extracellular water molecules and yields apparent diffusion coefficient (ADC) values [14] . ADC values derived from DWI have been shown to inversely correlate with tumor cellularity in multiple cancers including PCNSL [14, 15] . When ADC values are correlated with patient outcomes, they have demonstrated predictive capabilities for PCNSL patients in some studies [10, 11] but not in others [8] .
MRI perfusion is an advanced imaging technique that allows for quantitative assessment of tumor microvasculature by analysis of the distribution kinetics of an intravenously injected low-molecular-weight paramagnetic agent in the microvessels and extracellular extravascular space of tissue. Many studies have revealed that such analysis of MRI perfusion is useful for predicting patient outcomes in gliomas [16, 17] . Nevertheless, MRI perfusion for PCNSL prognosis has seldom been explored and its role is uncertain for these patients [11, 12] .
Our investigation aimed to determine whether DWI and dynamic contrast-enhanced (DCE) MRI perfusion could provide valuable information about prognosis in treatment naïve PCNSL patients.
Materials and methods
This retrospective study was performed at a tertiary cancer institution in accordance with the Health Insurance Portability and Accountability Act and with local Institutional Review Board approval, including a waiver of informed consent.
Patient population
We queried departmental and institutional databases for all potentially eligible adult (18 years and older) patients with PCNSL between 2011 and 2015. Included patients met the following criteria: histopathologic diagnosis of PCNSL confirmed by a neuropathologist; no prior therapy for PCNSL; pretreatment MRI scan with both DCE and DWI; negative human immunodeficiency virus status; and no computed tomography evidence of systemic lymphoma in the chest, abdomen, and pelvis. We excluded patients with PCNSL limited to the eyes, leptomeninges, or spinal cord and who had no evidence of disease in the brain parenchyma. We recorded patient demographics, pretreatment baseline Karnofsky Performance scores (KPS), therapy regimens, and clinical outcomes from chart reviews.
MR imaging protocol
All sequences were acquired on 1.5T or 3T scanners (Signa Excite, HDx and Discovery 750, GE Healthcare, Milwaukee, WI) using an 8-channel head coil. Gadopentetate dimeglumine (Magnevist; Bayer HealthCare Pharmaceuticals, Wayne, NJ) was injected via an intravenous catheter (18-21 gauge) at doses standardized by patient body weight (0.2 mL/kg body weight, maximum 20 mL) at 2-3 mL/s. DWI was acquired in the transverse plane using a spin-echo, echo-planar imaging sequence with the following parameters: repetition time/echo time (TR/TE) 8000/104.2 ms; diffusion gradient encoding in 3 orthogonal directions; b = 0 and 1000 s/mm 2 ; field-of-view 240 mm; matrix size 128 × 128 pixels; slice thickness 5 mm; section gap 1 mm; and number of average = 2.
T1-weighted DCE perfusion imaging was acquired using an axial 3D Spoiled Gradient Recalled sequence (TR 4-5 ms; TE 1-2 ms; section thickness 5 mm; flip angle 25°; field-of-view 240 mm; matrix 256 × 128). Ten phases were acquired for pre-injection time delay; and then 30 phases were acquired during the dynamic injection of intravenous contrast. This was followed by a 40-mL saline flush. The temporal resolution was 5-6 s (number of slices 10-15; total time 3.3-4 min). Matching post contrast T1-weighted (TR/ TE = 600/8 ms; slice thickness = 5 mm) spin-echo images were also obtained, along with standard T2-weighted images, FLAIR images, and susceptibility-weighted images. The native T1 was not measured and a fixed baseline value of 1000 ms was utilized. T1 mapping allows for the calculation of the T1 value for each voxel prior to contrast injection but has been shown to not significantly alter DCE quantification [18] [19] [20] and therefore is not performed at our institution.
MR imaging processing and analysis
The raw DCE-MRI perfusion data, contrast-enhanced T1-weighted images, and ADC maps were transferred to an off-line workstation. All imaging processing and analysis were performed blinded to clinical outcomes.
The ADC values were calculated utilizing the following parameters: ADC = [ln(S/S 0 )]/b, where S is the signal intensity (SI) of the region of interest obtained through 3 orthogonally oriented DWIs or diffusion trace images, S 0 is the SI of the region of interest acquired through reference T2-weighted images, and b is the gradient factor with the highest value of 1000 s/mm 2 . ADC maps were calculated on a pixel-by-pixel basis. ADC values are reported as 100 × 10 −6 mm 2 /s. We processed raw DCE-MRI perfusion data with FDAapproved commercial software (NordicICE; Nordic Neuro Lab, Bergen, Norway). Preprocessing for the perfusion data included background noise adjustment and spatial and temporal smoothing for each patient. For the arterial input function (AIF), an appropriate artery was semi-automatically selected to characterize the input function curve and concentration-time curve. The linear assumption between change in signal intensity and gadolinium concentration was made to convert the signal intensity curve to a concentration-time curve. Curves displaying an optimal relationship between AIF and the concentration-time curve were carefully selected. We used the perfusion analysis method based on the 2-compartment model proposed by Tofts to calculate pharmacokinetic parameters, including blood plasma volume (Vp, unit: fractional) and volume transfer coefficient (K trans , unit: /min), and to display the results as parametric maps [21] .
A trained operator (O.B.) manually outlined the regions of interest (ROIs) around the entire contrast-enhancing tumor on each transaxial T1-weighted slice. Volumes of interest (VOIs) were constructed for each patient by summing their ROIs. A board-certified attending neuroradiologist with a Certificate of Added Qualification in neuroradiology (V.H.) approved all VOIs.
Finally, for the purposes of statistical analysis, VOIs were subsequently transferred onto matching ADC, Vp, and K 
Statistical analysis
The clinical endpoint analyzed in this study was PFS time which was measured in months from initiation of therapy to first tumor progression, death, or last follow-up. Tumor response and progression on MRI were assessed using the International PCNSL Collaborative Group criteria [22] . We divided patients into long and short PFS groups based on the median PFS. We then conducted receiver operating characteristic (ROC) curve analysis to evaluate the predictive capabilities of baseline tumor imaging variables (ADC mean , Vp mean and K trans mean ) and clinical variables (age and KPS) for PFS. Fisher's exact test was used for biological sex. Optimal cutoff values for each variable were determined using Youden's index. Based on the cutoff values, we dichotomized the variables and conducted Kaplan-Meier survival analysis with log-rank test to investigate if there was a difference in PFS time between the two groups. We also performed univariate Cox proportional hazards regression analysis for PFS using all dichotomized variables. All statistical analyses were performed using MATLAB (version 8.4; Mathworks, Natik, MA) and Stata (version 12.0; StataCorp, College Station, TX).
Results

Patients
Eighteen patients with PCNSL (10 males and 8 females) were included in the study. The mean patient age was 67.2 years (range 47-84 years) and the median KPS at diagnosis was 70 (range 50-90). All patients except one were treated with methotrexate-based chemotherapy as part of their initial management (1 patient received rituximab only). Only 1 patient had died at the time of analysis (mean followup time = 29.9 months). Median PFS time was 19.6 months (range 2.0-52.6 months). The patient demographics and baseline MR imaging characteristics are summarized in the Table 1 .
ROC curve analysis
Lower Vp mean and K trans mean values increased risk for rapid progression (< 19.6 months). The optimal Vp mean cutoff was 2.29 (area under the curve (AUC) = 0.74, sensitivity and specificity = 0.78, p = 0.023) and the optimal K trans mean cutoff was 0.08 (AUC = 0.74, sensitivity = 0.67, specificity = 0.78, p = 0.025) for separating patients into long and short PFS groups. The other variables we assessed were not statistically significant: ADC mean (cutoff = 849.9, AUC = 0.47, sensitivity = 1.00, specificity = 0.22, p = 0.579); KPS (cutoff = 60, AUC = 0.68, sensitivity = 1.00, specificity = 0.33, p = 0.082); age (cutoff = 81, AUC = 0.49, sensitivity = 0.22, specificity = 1.00, p = 0.522); biological sex (p = 0.153 using Fisher's exact test).
Representative images of patients with long and short PFS are shown in Fig. 1 .
Kaplan-Meier survival analysis
Patient outcome as a function of Vp mean is shown in The median PFS in our patient population was 19.6 months. This is similar to the median PFS of 17 months reported in a study of 338 patients with newly diagnosed PCNSL at Memorial Sloan Kettering Cancer Center [9] . Quantitative imaging biomarkers for clinical outcome in PCNSL are not yet established and further study and refinement could yield critical information on how to best manage upfront therapy in this population. For example, patients at increased risk for rapid progression based on advanced imaging can be offered additional therapy earlier in their treatment course than patients at lower risk.
Univariate Cox proportional hazards regression analysis
In our study, we derived Vp from DCE-MRI which represents the blood plasma volume per unit volume of tissue. Vp is thought of as the physiologic equivalent of relative cerebral blood volume (rCBV) obtained from dynamic susceptibility-weighted contrast-enhanced (DSC) perfusion imaging. Both Vp and rCBV correlate with histologic and angiographic assessment of vascular density in human brain tumors [23, 24] and have been successfully utilized to predict clinical outcomes in gliomas [16, 25] . However, at our institution we prefer DCE-MRI because rCBV measurements derived from DSC are semi-quantitative and can be influenced by multiple post-processing steps, including the choice of normal contralateral white matter and correction technique to address contrast extravasation. Additional drawbacks of DSC perfusion imaging include sensitivity to susceptibility effects from bone, calcification, and hemorrhage. DCE-MRI also provides better spatial resolution than DSC perfusion. Certain disadvantages of DCE are important to mention as well, including complexity in pharmacokinetic model post-processing, lack of widely available and easy-touse post-processing software, and difficulty in obtaining an accurate vascular input function. Also, DSC is more widely utilized than DCE and can be performed with shorter acquisition times.
In patients with PCNSL, rCBV has been shown to predict PFS in one study done by Valles et al. [11] . This study demonstrated that PCNSL patients (n = 25) with rCBV mean < 1.43 had worse PFS than patients with rCBV mean ≥ 1.43. The authors postulated that low rCBV values might be associated with unfavorable clinical outcomes for two main reasons. First, low rCBV could signify hypoxic tumors, which are known to be treatment resistant [26, 27] . Second, low rCBV may represent a decreased number of patent vessels that are able to deliver the intravenous chemotherapy required to successfully complete treatment. We agree with them and believe our findings using Vp mean further strengthen these assertions. To our knowledge, there are no additional studies that have assessed either rCBV or Vp for prognosis in PCNSL.
We also derived K trans from DCE-MRI. This parameter reflects the volume transfer constant of gadolinium from the intravascular compartment to the extracellular extravascular space and is partly dependent on vascular permeability. It is commonly understood to be a surrogate marker of vascular leakiness due to permeability and blood-brain barrier disruption. Our study showed that patients with lower K trans had increased risk for rapid progression. This finding suggests that optimal treatment of PCNSL is dependent not only on the increased vascularity (Vp) that allows intravenous chemotherapy to reach the tumor but also on vascular leakiness. Higher K trans possibly allows for sufficient concentrations of the intravenous drug to exit the blood vessels and interact with the tumor cells, but this is conjectural and further research is required. Chung et al. [12] demonstrated that PCNSL lesions with diffusely increased permeability on DCE-MRI were significantly associated with higher complete response rates than tumors with more heterogeneous patterns. Greater permeability was also associated with longer PFS but this reached only borderline significance. An important difference between our studies is that Chung et al. used qualitative instead of quantitative assessments of permeability, which may have introduced greater subjectivity in their results. We are not currently aware of any additional publications that have evaluated DCE-MRI for prognosis of PCNSL.
Along with Vp and K trans from DCE-MRI, we studied if ADC from DWI could be of potential prognostic value.
ADC is inversely related to cellular density and has been shown to have predictive value for PCNSL prognosis in several studies [10, 11] . However, in our study we did not find ADC mean to be a significant predictor of PFS. Our result agrees with a study by Morris et al. [8] which evaluated pretreatment ADC values in 28 patients and compared patient outcomes (PFS and overall survival) based on the measurements. Huang et al. [28] also did not find pretherapeutic ADC values to be predictive of outcome in a study of 35 PCNSL patients. The reasons for the discrepancies in results are unclear at this time and further investigation will be necessary to better understand the role of ADC as a prognostic biomarker in PCNSL.
Our study has several limitations including small sample size and retrospective design. The small sample size was mainly due to the rarity of the disease and the requirement that perfusion data be captured prior to initiation of therapy. Another limitation is that we could not adequately assess the ability of pretreatment imaging to predict overall survival since only one patient had died at the time of analysis. Finally, we report our institutional protocol for capturing perfusion data, but the protocols vary among institutions limiting broad applicability until consensus protocols can be determined.
In conclusion, this study demonstrates promising evidence that DCE-MRI biomarkers measured prior to therapy for PCNSL can be utilized to predict PFS. Quantitative analysis of Vp and K trans has not been previously reported in this setting. Larger studies are needed to prospectively validate our results.
